Lysine was found in the vegetative peptidoglycan of Bacillus sphaericus (23 strains), and of the related species Bacillus pasteurii and Bacillus globisporus. None of these organisms formed diaminopimelate epimerase, but all contained diaminopimelate dehydrogenase. All other species of Bacillus studied had diaminopimelate in their walls, and produced diaminopimelate epimerase and N-acetyldiaminopimelate deacetylase, but not diaminopimelate dehydrogenase. One exception, Bacillus macerans, contained all three of these enzymes; diaminopimelate (and no lysine) was found in its walls. A new spectrophotometric assay for diaminopimelate epimerase was developed, which had advantages over the previous methods.
E. coli); B, via acetylated intermediates (e.g. B. megaterium); C, no intermediate between LL-A' -
tetrahydrodipicolinate and meso-A,pm (e.g. B. sphaericus). Enzymes are : 1, tetrahydrodipicolinate succinylase; 2, N-succinyl-aminoketopimelate : glutamate aminotransferase; 3, N-succinyl-diaminopimelate desuccinylase ; 4, tetrahydrodipicolinate acetylase ; 5, N-acetyl-aminoketopimelate : glutamate aminotransferase ; 6, N-acetyl-diaminopimelate deacetylase ; 7, meso-diaminopimelate D-dehydrogenase; 8, diaminopimelate epimerase. Abbreviations : Glu, L-glutamic acid; 2-OG, 2-oxoglutaric acid.
M E T H O D S
Organisms. The majority of the strains of B. sphaericus were isolated from soil in the Sheffield area (see Table 1 ). Other strains were given by Dr A. A. Yousten (Virginia Polytechnic Institute and State University, Blacksburg, Va., USA). All of these latter strains (except two) have been assigned to particular groups on the basis of DNA homology (Krych et al., 1980; Yousten et al., 1980) . Most other Bacillus spp. were obtained from the National Collection of Industrial Bacteria (NCIB). B. globisporus was from Dr Ruth Gordon (Rutgers University, NJ, USA); B. stearothermophilus was from Dr I. K. Sundaram (University of Manchester, UK); B.polymyxa was from the collection of this Department. One strain of B. macerans (CCM 2012) was from the Czechoslovak Collection of Microorganisms.
Medium. Although most strains of B. sphaericus can grow on a simple defined medium (White & Lotay, 1980) , a rich medium was preferred for all species and strains to standardize conditions of growth. All organisms were grown on nutrient agar (Oxoid) or in nutrient broth. Strains were maintained on slopes of nutrient agar and stored at 2 "C. B. pasteurii required a higher pH value (9.0) together with 1 % (w/v) NH,C1 added to the medium. B. macerans, however, was grown in a defined medium (see Results) because use of rich media led to rapid and massive sporulation.
Growth conditions. B . stearothermophilus (a thermophile) was grown at 60 "C and B. globisporus (a psychrophile) at 25 "C. B. macerans was grown at 37 "C (optimal temperature). All other organisms were grown at 30 "C except where stated. All organisms were grown on a mechanical shaker (200 r.p.m.) in liquid medium (500 ml per 2 1 flask) and harvested late in the exponential phase of growth (before sporulation).
Preparation oJ'ceil extracts. Bacteria were washed twice and resuspended in 20 mM-phosphate buffer, pH 7-0. Extracts were made at 2 "C with the press of Milner et al. (1950) operated at a pressure of 140 MPa. Debris was removed by centrifuging at 20000g for 25 min at 2 "C. Protein was assayed by the Lowry method.
Enzyme assays. Diaminopimelate dehydrogenase was assayed spectrophotometrically at pH 10.5 by following the reduction of NADP+ with the crude extracts essentially as described by Misonoet al. (1979) . Conditions for the assay were altered slightly: only 2.5 pmol meso-A,pm ml-' was used as substrate; sodium bicarbonate buffer replaced glycine/KOH buffer [Na,CO, (0.1 M) + NaHCO, (0.1 M), 4 : 1, by vol.] and the temperature was raised to 30 "C. The unit is the amount of enzyme that forms 1 pmol NADPH min-' under these conditions. N-Succinyl-LL-A2pm deacylase (EC 3.5.1 .18) was assayed as described by Kindler (1962) but on half-scale; the concentration of N-succinyl-LL-A,pm also was decreased to 2 mg ml-' in the reaction mixture. N-Acetyl-LL-A,pm deacylase was assayed as described by Saleh & White (1979) . Diaminopimelate epimerase (EC 5.1.1 .7) was assayed by two methods: the chromatographic assay (qualitative) described by Work (1962) , and a new spectrophotometric procedure in which the activity of this enzyme at pH 8 (optimal) was coupled to that of diaminopimelate dehydrogenase. In an anaerobic cuvette (gassed with NZ), the reaction mixture was: 1.6 ml hydrazine/phosphate buffer (0.1 M-hydrazinium sulphate in 0.1 Mphosphate buffer adjusted to pH 8.0 with 1 M-sodium hydroxide); 0.2 ml NADP+ (8 mg ml-l); 0.2 ml LL-A,pm ( 5 mg ml-I); 2,3-dimercaptopropan-l-o1 was added to give a final concentration of 0-1 mM in the cuvette. Both diaminopimelate dehydrogenase and the test extract were placed in the side-arm of the cuvette and the reaction was started by adding this solution of enzymes. The absorbance at 340 nm was read continuously against a blank (0-7 ml hydrazine/phosphate, 0.1 ml NADP+ and 0.2 ml water). Diaminopimelate dehydrogenase for use in this assay was partly purified (see below) by the procedure of Misono et al. (1979) .
Diaminopimelate decarboxylase (EC 4.1.1.20) was assayed manometrically (White, 1971) .
Substrates. The LL-and meso-isomers of Alpm were prepared as described by Saleh & White (1976) , and Nacetyl-LL-A,pm as described by Ward (1975) . The synthesis of N-succinyl-LL-A2pm was based on the method of Gilvarg (1959) . The scale was one-tenth and other modifications were made as follows. The first elution from Dowex-50 (with ammonium formate) did not release any chromogenic material, and so was followed by elution with 1 M-HCl. The product so obtained was applied to Dowex-1 (8% cross-linked, C1-form, dry mesh 200-400), from which it emerged in the initial fractions during gradient elution (with 1 M-NaCl rather than LiCl in the upper reservoir). This material was dried, then desalted on a Biogel P2 column (2 x 25 cm) and used for the deacylase assay without further purification.
Partial purification of diaminopimelate dehydrogenase. All steps were done at 2 "C. An extract from a lysinerequiring mutant of B. sphaericus NCTC 9602 (B3, lacking diaminopimelate decarboxylase; White, 1983) was made in 10 mM-phosphate buffer, pH 7.0 (about 10 mg protein ml-l), and brought to 40% saturation with solid ammonium sulphate. Precipitated protein was removed by centrifugation. The supernatant was brought to 80% saturation with ammonium sulphate. The precipitate of enzyme obtained by centrifugation was dissolved in 10 mM-potassium phosphate buffer (pH 7.4) containing 0.01 % 2,3-dimercaptopropan-l-o1 and used without further purification. Protein in this solution was estimated by absorbance at 280 nm (Layne, 1957) , to avoid interference by -SH groups.
Peptidoglycan of' walls. Vegetative peptidoglycans were isolated from washed organisms by successive extractions with solvents and digestion with trypsin (Wilkinson & White, 1973) . Amino acids in acid hydrolysates (6 M-HCl at 105 "C for 18 h) were separated by paper chromatography using the solvent methanol/pyridine/l1.6 MHCl/water (80 : 10 : 2.5 : 17.5, by vol. ; Rhuland et af., 1955). Spots were detected with ninhydrin. In the case of B . macerans only, different procedures were used (see Results).
RESULTS
Analysis of vegetative walls. Peptidoglycan was separated from 14 strains of B. sphaericus newly isolated from soil (Massie et al., 1985) and from nine strains provided by other workers. Lysine and aspartate, but no A,pm were found in all these strains and in the walls of B. pasteurii and B. globisporus. All the other seven species of Bacillus examined had A,pm in the peptidoglycan (Table 1) . Among these other species, four have been previously reported in the survey of Schleifer & Kandler (1972) .
Diaminopimelate dehydrogenase. All strains of B. sphaericus, B. pasteurii and B . globisporus had high activity of this enzyme [0.19 to 2.1 pmol NADPH formed min-l (mg protein)-'; Table 11 . No activity was recorded in other strains except B . rnacerans (see later).
N-Acetyl-LL-Agm deacetylase. The activity in an extract of B. megaterium NCIB 7581 (grown at 37 "C in nutrient broth) was used as a positive control. This enzyme was found in all species of Bacillus that had diaminopimelate epimerase. It was absent from all those (except B. macerans, see later) which had diaminopimelate dehydrogenase. Chromatographic examinations of enzymic reaction mixtures were made to check the release of LL-A2pm; when LL-Azpm was seen a small spot of the meso-isomer was also visible resulting from the activity of diaminopimelate epimerase in the extracts. These results agree with the suggestion of Weinberger & Gilvarg (1970) that the utilization of an acetyl blocking group is widespread among species in the genus Bacillus. Diaminopimelate epimerase. A discontinuous spectrophotometric assay was proposed by Misono & Soda (1980~) . However, although the optimum pH value for oxidation of mesodiaminopimelate by diaminopimelate dehydrogenase is 10.5, this enzyme still has 10% of its maximal activity at pH 8 (Misono & Soda, 19806) , and so may be used in a continuous coupled assay (see Methods). Hydrazinium sulphate was added to the buffer to bind tetrahydrodipicolinate; this prevents the reverse reaction of the dehydrogenase (for which pH 7-5 is optimal). Hydrazine also inhibits diaminopimelate decarboxylase (which may be present in a crude extract that is being assayed) by reaction with the cofactor, pyridoxal phosphate (Antia et al., 1957) . There is no inhibition of diaminopimelate epimerase by hydrazine (White et al., 1969) as pyridoxal phosphate is not a cofactor (Wiseman & Nichols, 1984) . Anaerobic conditions were necessary to prevent the action of NADPH oxidase which was present in crude extracts, and a diaminopimelate epimerase activator (2,3-dimercaptopropan-l-o1) was essential. Use of an extract of the mutant B3 of B . sphaericus ensured the absence of diaminopimelate epimerase and decarboxylase from the solution of diaminopimelate dehydrogenase. All strains of Bacillus that lacked diaminopimelate dehydrogenase were tested by this assay and found to be active (Table   1 ). The rate of increase of absorbance in the assay was linear up to absorbance values > 1. To confirm the validity of the above spectrophotometric assay the maximum rate of reaction was determined with several volumes of an extract of B. megaterium 758 1 containing diaminopimelate epimerase by adding increasing amounts of diaminopimelate dehydrogenase (Fig. 2) . In order to record the maximum rate of epimerization [0.097 pmol min-I (mg protein)-'] the dehydrogenase had to be added in 30-fold excess over the epimerase, e.g. 0.1 unit of epimerase (assayed at pH 8) required 3 units (measured at pH 10.5) of dehydrogenase. White et al. (1969) found the activity of diaminopimelate epimerase in a crude extract of B. megaterium 758 1 to be 0.1 pmol min-I (mg protein)-' at pH 8.0 with a different assay. The effect of substrate concentration on the rate of epimerization of LL-A,pm was studied. Results were plotted by the methods of Lineweaver and Burk, and of Eisenthal & Cornish-Bowden (1974) , and the K , of diaminopimelate epimerase was found to be 0.6 mM with LL-AZpm. The K , for LL-A,pm with purified enzyme from E. coli was 0.16 mM (Wiseman & Nichols, 1984) .
Enzymes and walls oJ'B.
macerans. An extract of B. macerans NCIB 9368 (grown at 37 "C in nutrient broth) contained both diaminopimelate dehydrogenase and diaminopimelate epimerase. The latter enzyme was detected by spectrophotometric and chromatographic methods. The simultaneous presence of these two enzymes was unexpected, and so three sequential isolations of single colonies were made (by streaking out on nutrient agar) to ensure that two types of organism were not present in the original culture. Throughout the isolations all colonies appeared identical. Diaminopimelate dehydrogenase and diaminopimelate epimerase were still both present in an extract made from a nutrient broth culture which was inoculated from the progeny of a single colony.
Growth of B. macerans NCIB 9368 in nutrient broth was sparse, and many spores were found in a culture incubated overnight. This strain proved to grow more heavily (and without production of spores) on incubation at 37 "C overnight in the defined medium A (White, 1972) containing 0.5% glucose, trisodium citrate. 3H20 (20 mg l-l), biotin (2 pg 1-l) and thiamin (20 mg 1-I). Two more strains of B. macerans (NCIB 10443 and CCM 2012 , which is the same as NCIB 9368) also grew well in this medium. Single colony isolations were made as before (on the defined medium) from the new strains. Again there was no evidence that two types of organism were present in either culture. All three strains were grown (from single colony isolations) in the defined medium; extracts were made and tested for diaminopimelate dehydrogenase and diaminopimelate epimerase. Both of these enzymes and N-acetyl-LL-diaminopimelate deacylase were found in each strain (Table 1) .
The isolation of peptidoglycan by solvent extraction from B. maceram was difficult. Also the organisms were not easy to break in the pressure cell or by ultrasonication, and the walls were readily autolysed. The best procedure was to prepare sacculi from the harvested bacteria by use of SDS, nucleases and trypsin (White & Gilvarg, 1977) . The freeze-dried sacculi (6 mg) were resuspended in 5 mlO.1 M-Tris/HCl buffer, pH 7.5, containing 1 m~-2,3-dimercaptopropan-1-01 and incubated at 37 "C with pronase (1 mg; BDH) for 4 h, then centrifuged and washed twice with water. After acid hydrolysis (18 h, 6 M-HC1, 105 "C) of this material, the only ninhydrinpositive amino acids detected by chromatography were meso-diaminopimelate, glutamate, alanine and glycine. Many other amino acids were found in hydrolysates of sacculi that had not been digested with pronase.
Because of this complexity, hydrolysates (before and after digestion with pronase) were examined by two-dimensional chromatography on paper and on thin-layer plates coated with cellulose (Merck), activated at 105 "C for 10 min. Solvents for paper chromatography were methanol/pyridine/HCl/water (see Methods) and butan-1-ol/acetic acid/water (67 : 10 : 23, by vol.). Solvents for thin-layer chromatography were chloroform/methanol/aqueous ammonia, sp. gr. 0.88 (40 :40 : 20, by vol.) and phenol/water (75 g : 25 g). Spots were revealed with ninhydrin or with o-phthalaldehyde (0.2% in acetone).
DISCUSSION
Analysis of the vegetative peptidoglycan of 23 strains (which included representatives of every DNA homology group) of B. sphaericus confirmed that the presence of lysine is a characteristic feature of this species. Lysine, in the vegetative wall, was also reported in three strains of B. sphaericus by Powell & Strange (1957) . Schleifer & Kandler (1972) suggested that structural details of peptidoglycan might help in the identification of Bacillus species. Thus the presence of lysine (rather than A2pm) could be used as a taxonomic marker in the identification of B. sphaericus. B. gIobisporus and B. pasteurii also contain lysine in their peptidoglycan; Gibson & Gordon (1974) The presence of diaminopimelate dehydrogenase in B. sphaericus accounts for lysine synthesis in spite of the lack of N-succinyl-or N-acetyl-~~-A,pm deacylases and diaminopimelate epimerase in this organism (White, 1983) . Lysine occurs in the vegetative wall of only those organisms that possess diaminopimelate dehydrogenase. Why these two features should be linked is unknown. When lysine is made via diaminopimelate epimerase, then meso-A2pm, its precursor, is incorporated in the wall.
B. macerans is unusual in this genus because enzymes are present to form meso-A,pm by two routes. Even though the activity of diaminopimelate dehydrogenase is much higher than the activities of N-acetyl-LL-A,pm deacetylase and diaminopimelate epimerase, the peptidoglycan of this species does contain meso-A2pm (cf. Schleifer & Kandler, 1972) . The simultaneous presence of diaminopimelate dehydrogenase and epimerase has been found in species of other genera : for example, Corynebacterium glutamicum contains the dehydrogenase and low levels of the epimerase (Wiseman & Nichols, 1984) .
The presence of N-acetyl-LL-A?pm deacetylase in all Bacillus spp. that have diaminopimelate epimerase agrees with the finding of Weinberger & Gilvarg (1970) that acetylated intermediates are used by many species in this genus. Weinberger & Gilvarg (1970) , 1957) except B. pantothenticus lacked both diaminopimelate epimerase and N-acetyl-LL-A,pm deacetylase and instead had diaminopimelate dehydrogenase.
The new assay for diaminopimelate epimerase has several advantages over previous manometric and colorimetric assays (White et al., 1969) , including reaction at the optimum pH (8.0) of diaminopimelate epimerase, speed of assay and economy of LL-A,pm. Independently, another spectrophotometric assay for diaminopimelate epimerase has recently been devised (Wiseman & Nichols, 1984) . Perhaps because anaerobic conditions and hydrazine were not used by these authors, the measured rate of change of absorbance was linear over only a short range, and the epimerization became inactivated above pH 7-5.
A . B . was supported by a studentship from the SERC. 
R E F E R E N C E

